S ince april 2002, randomized trials and registries have shown that drug-eluting stents, as compared with bare-metal stents, reduce the need for subsequent revascularization procedures. [1] [2] [3] [4] [5] [6] As a result, the use of drugeluting stents has increased rapidly, with current rates up to 80% of all stenting procedures in some countries. However, two recent meta-analyses have suggested that rates of death and myocardial infarction may be increased in patients who have received drug-eluting stents. 7,8 Impaired reendothelialization, late endothelial dysfunction, hypersensitivity reactions to the stent or its coating, and stent thrombosis have been suggested as potential causes. [9] [10] [11] [12] [13] [14] [15] [16] [17] The consequences of even a slight increase in the rates of death and myocardial infarction would be dramatic, considering the current high rate of use of drug-eluting stents.
The early and pivotal randomized studies that led to approval of stents for marketing were individually not adequately powered to detect differences in the rates of death, myocardial infarction, or stent thrombosis. However, reliable long-term data, including information about these end points, are now available and can be pooled to conduct analyses with greater power than those in the original trials. We therefore performed a safety analysis of patient-level data collected, in four randomized trials comparing sirolimus-eluting stents and bare-metal stents, during a follow-up period of 4 years for 1748 patients.
Me thods

Original Trials
Our analysis is based on pooled patient-level data from the Randomized Study with the SirolimusCoated Bx Velocity Balloon Expandable Stent in the Treatment of Patients with De Novo Native Coronary Artery Lesions (RAVEL), the SirolimusEluting Balloon-Expandable Stent in the Treatment of Patients with De Novo Native Coronary-Artery Lesions (SIRIUS) trial, the European SIRIUS (E-SIRIUS) trial, and the Canadian SIRIUS (C-SIRIUS) trial, all of which were performed between August 2000 and April 2002. Each of these four trials compared a sirolimus-eluting stent (Cypher, Cordis, a Johnson & Johnson company) with a bare-metal stent of identical design (Bx Velocity, Cordis), but without polymer and drug coatings, implanted in single, previously untreated lesions in native coronary arteries, using a double-blind study design with a 1:1 randomization process.
The designs of these trials, as well as shortterm angiographic and clinical outcomes, have been reported previously. 1-4 In summary, RAVEL included patients in clinically stable condition with relatively low-risk lesions, whereas the three SIRIUS trials involved patients with higher-risk and more complex lesions. Patients with acute myocardial infarction were excluded in all four trials. A total of 428 patients with diabetes (treated through diet, with an oral hypoglycemic agent, or with insulin) were included.
Dual antiplatelet therapy with aspirin and clopidogrel or ticlopidine was prescribed per protocol for a minimum of 2 months in RAVEL and the E-SIRIUS and C-SIRIUS trials and for a minimum of 3 months in the SIRIUS trial. Aspirin was prescribed indefinitely; doses ranged from 81 to 325 mg daily.
The protocols called for complete angiographic follow-up at 6 months (in RAVEL) or at 8 months (in the SIRIUS, E-SIRIUS, and C-SIRIUS studies) and clinical follow-up yearly. The primary end points differed among the studies and included purely angiographic end points (in-stent late loss in RAVEL and in-stent minimal lumen diameter at 8 months in the E-SIRIUS and C-SIRIUS trials) as well as the clinical end point of target-vessel failure (a composite of death, myocardial infarction, and target-vessel revascularization) in the SIRIUS trial. Secondary end points included death, myocardial infarction, and repeated revascularization.
The study protocols were approved by the ethics committee at each participating institution and were conducted according to the principles of the Declaration of Helsinki. All patients gave written informed consent before enrollment. The studies were sponsored and monitored by Cordis.
The design of each trial specified in advance that data would be collected for up to 5 years, with adjudication of events by the independent end-points committee of the original trial. Fouryear follow-up data are currently available from all four studies. All clinical follow-up information was collected at the investigating centers in a blind fashion.
Clinical Research Institute, Boston, for the SIRIUS, E-SIRIUS and C-SIRIUS studies). The patient-level data were pooled and then analyzed by one independent statistician at Harvard Clinical Research Institute and another at Erasmus University Medical Center, Rotterdam. The authors were given unrestricted access to the data by Cordis and made all decisions about analysis and publication independently of the company.
Study End Points
The primary safety end point was death from any cause. Information on the circumstances of all deaths was obtained from each of the sites, and narratives were developed. These narratives were reviewed by the clinical events committees for the trials and, for the conduct of our analysis, by three of the authors.
Secondary safety end points were death from cardiovascular causes and noncardiovascular causes, death from any cause or Q-wave myocardial infarction, and death from any cause or any type of myocardial infarction. The following definitions of events were used in all four trials.
Death from cardiovascular causes was defined either as death due to acute myocardial infarction, cardiac perforation or pericardial tamponade, arrhythmia or conduction abnormality, cerebrovascular accident within 30 days or related to the procedure, or a complication of the procedure or as any death in which a cardiovascular cause could not be ruled out. Death from noncardiovascular causes was defined as any death not due to a cardiovascular cause.
Q-wave myocardial infarction was defined as the development of new, pathologic Q-waves in two or more contiguous leads as assessed by the electrocardiography core laboratory, with creatine kinase or creatine kinase MB levels elevated above the upper limit of the normal range. Non-Q-wave myocardial infarction was defined as an elevation of the creatine kinase MB level to three times the normal value in the absence of new, pathologic Q-waves; if no assay for creatine kinase MB was performed, elevation of the creatine kinase level to a value that was twice the normal value in the absence of new Q-waves was also considered a non-Q-wave myocardial infarction.
In the study protocols, stent thrombosis was defined as acute if it occurred within 24 hours after the index procedure, subacute if it occurred between 1 and 30 days after the procedure, and late if it occurred more than 30 days after the procedure. Acute and subacute stent thromboses were classified on the basis of vessel occlusion on angiography, any recurrent Q-wave myocardial infarction in an area irrigated by the stented vessel, or death from cardiac causes. Late stent thrombosis was diagnosed on the basis of any recurrent myocardial infarction with vessel occlusion on angiography. In the original trial protocols, secondary stent thrombosis -stent thrombosis in a patient who had previously undergone target-lesion revascularization -was not considered to be a stent thrombosis.
Stent thrombosis was reclassified in a blind fashion by an independent research organization (Harvard Clinical Research Institute) according to a set of definitions developed during summer 2006 by an academic research consortium (ARC) of academic investigators, regulators, and industry representatives. These definitions were proposed to serve as standard criteria for stent thrombosis for the comparison of event rates across different trials and studies. According to the ARC definitions, stent thrombosis was classified as acute if it occurred within 24 hours after the index procedure, subacute if it occurred between 1 and 30 days after, late if it occurred between 31 days and 1 year after, and very late if it occurred more than 1 year after the procedure.
Furthermore, stent thrombosis was considered definite if there was angiographic confirmation of thrombus, with or without vessel occlusion, associated with clinical or electrocardiographic signs of acute ischemia or elevation of creatine kinase levels to twice the normal value within 48 hours of angiography. Stent thrombosis was classified as probable if unexplained death occurred within 30 days after the index procedure or if a myocardial infarction, occurring at any time after the index procedure, was documented in an area irrigated by the stented vessel in the absence of angiographic confirmation of stent thrombosis. Stent thrombosis was classified as possible if unexplained death occurred more than 30 days after the index procedure. During the readjudication of stent thrombosis according to the ARC definitions, events occurring after repeated target-lesion revascularization were included.
Statistical Analysis
The effectiveness analysis and safety evaluation were both performed in a modified intention-totreat population, including all patients who actually underwent stent placement (whether the pro- cedure was successful or not). Patients who were randomly assigned to treatment but who did not undergo a procedure were not included in the analysis. Summary statistics for all continuous variables are presented as medians and interquartile ranges. Categorical data are summarized as frequencies and percentages. Differences in baseline characteristics between the sirolimus-stent group and the bare-metal-stent group were analyzed using the Wilcoxon-Mann-Whitney test or Fisher's exact test.
The incidence of events over time was studied with the use of the Kaplan-Meier method, whereas log-rank tests and Cox proportional-hazards regression analyses were applied to evaluate differences between the two groups. In the main analysis, hazard ratios and 95% confidence intervals (CIs) were adjusted for differences in outcome between trials. Follow-up at 1, 2, and 3 years was completed for 99.1%, 97.8%, and 96.3% of the patients, respectively. Because follow-up data for the period between 1441 and 1460 days were lacking in 675 patients, we decided to count events through 1440 days, which was interpreted as 4 years of follow-up. This 4-year follow-up was completed in 90.7% of patients (90.5% of those who received sirolimus-eluting stents and 90.9% of those who received bare-metal stents).
Exploratory analyses (not prespecified) were performed to evaluate possible heterogeneities in treatment effects on mortality according to the trial in which the patient was enrolled and the following 10 clinically relevant characteristics: age, sex, diabetes, dyslipidemia, hypertension, prior myocardial infarction, heart failure, angina classification by the Canadian Cardiovascular Society, number of diseased vessels, and left ventricular ejection fraction. 5 Since a clinically relevant difference in treatment effect on mortality was observed in relation to diabetes status, we decided to study other end points in patients with and those without diabetes. Treatment effects were evaluated with the use of Cox regressions that included a term for the interaction between each characteristic of interest and the assigned treatment, adjusted for differences in outcome between trials. More extensive regression models incorporating predictive baseline characteristics were applied to estimate the adjusted treatment effects. 18 All statistical tests were two-sided, without correction for multiple testing. P values of less than 0.05 and less than 0.01 were considered to indicate statistical significance for the results of nonheterogeneity tests and tests for heterogeneity in treatment effect, respectively. All statistical analyses were performed with the use of SAS software, version 8.2 (SAS Institute).
R e sult s
A total of 1748 patients were included in this analysis (238 in RAVEL, 1058 in the SIRIUS study, 100 in the C-SIRIUS study, and 352 in the E-SIRIUS study). In total, 878 patients underwent placement of a sirolimus-eluting stent, and 870 patients underwent placement of a bare-metal stent. The clinical and angiographic characteristics of the study patients are summarized in Table 1 . Complex lesions were more frequent in patients with sirolimus-eluting stents than in patients with bare-metal stents (22.5% vs. 18.5%, P = 0.04), and diabetes was more common in the bare-metal-stent group than in the sirolimus-stent group (26.8% vs. 22.2%, P = 0.02).
Results for all patients are shown in Table 2 and Figure 1 . The 4-year cumulative survival rate was slightly, but not significantly, lower in the sirolimus-stent group than in the bare-metal-stent group (93.3% and 94.6%, respectively; hazard ratio for death in the sirolimus group, 1.24; 95% CI, 0.84 to 1.83; P = 0.28). Narratives of all patient deaths revealed that mortality from both cardiovascular and noncardiovascular causes was slightly, but not significantly, higher in the sirolimus-stent group (Table 2 and the Supplementary Appendix, available with the full text of this article at www.nejm.org). Rates of myocardial infarction overall were similar between the two groups. Rates of Q-wave myocardial infarction were also slightly, but not significantly, higher in the sirolimus-stent group. According to the protocol definitions, there were 10 stent thromboses in the sirolimus-stent group and 5 in the bare-metal-stent group (Table 2). Five of the thromboses in the sirolimusstent group, but none in the bare-metal-stent group, occurred after 1 year. In contrast, according to the ARC definitions, there were 30 stent thromboses in the sirolimus-stent group and 28 in the bare-metal-stent group (Fig. 2) . Stent thrombosis was more frequent in the bare-metal-stent group in the first year (14, vs. 6 in the sirolimus-stent group), whereas very late stent thrombosis (occurring after the first year) was more frequent in the sirolimus-stent group (23, vs. 14 in the baremetal-stent group).
Significant heterogeneity in the treatment effects was not found for any of the prespecified subgroups except patients with diabetes (P value for interaction = 0.008) (see the Supplementary Appendix). The 4-year cumulative survival rates among patients without diabetes did not differ significantly between the two groups. However, the survival rate for patients with diabetes was significantly lower in the sirolimus-stent group (87.8%, vs. 95.6% in the bare-metal-stent group; hazard ratio for death, 2.90; 95% CI, 1.38 to 6.10; P = 0.008) (Fig. 3 and the Supplementary Appendix). A large heterogeneity in the causes of death of the patients with diabetes precluded the identification of a clear pattern of mortality (see the Supplementary Appendix). Among the patients with diabetes, there was a small excess of very late stent thrombosis as defined by the ARC (occurring more than 1 year after the procedure) in the sirolimusstent group (11 patients, vs. 3 in the bare-metalstent group) (see the Supplementary Appendix).
Dis cus sion
In this study, we performed a pooled analysis of four randomized trials comparing sirolimus-eluting stents and bare-metal stents in 1748 patients with 4 years of follow-up. We did not find evidence of a significantly higher rate of death, myocardial All first episodes of stent thrombosis were counted, including those that occurred after revascularization of the target lesion. The survival rates at 1440 days are shown in parentheses. The P value was calculated with the use of the log-rank test. infarction, or stent thrombosis in the patients treated with sirolimus-eluting stents. The divergence of the Kaplan-Meier survival curves over time could be interpreted as a growing trend toward a lower survival rate among patients treated with sirolimus-eluting stents as compared with those treated with bare-metal stents, although a larger number of patients, a longer follow-up period, or both would be necessary to confirm this interpretation.
In our study, we analyzed rates of stent thrombosis adjudicated according to the definitions in the original protocols and those of the ARC. We believe that this provides a more accurate picture of the incidence of stent thrombosis with either type of stent, for two reasons. First, late events such as unexplained death, which were not considered in the original protocols, were adjudicated as possible stent thrombosis. Second, all episodes of stent thrombosis, including those occurring after target-lesion revascularization, were included in the readjudicated event rates.
A significant heterogeneity of the treatment effect was found with respect to diabetes. A significantly reduced survival rate was found among patients with diabetes (but not patients without diabetes) treated with sirolimus-eluting stents. Deaths from cardiovascular and noncardiovascular causes were more frequent in the sirolimusstent group. In the subgroup of patients with diabetes, very late stent thrombosis was adjudicated more frequently among the patients with sirolimus-eluting stents than among those with baremetal stents. Owing to the low number of events, these findings should be interpreted with caution; it does not appear that they adequately explain the observed difference in survival among patients with diabetes in the two groups.
Previous studies have reached different conclusions regarding the benefit of drug-eluting stents in patients with diabetes. The 9-month results of a dedicated randomized trial of patients with diabetes showed that sirolimus-eluting stents were superior to bare-metal stents in reducing rates of both restenosis and repeated revascularization. 19 Mortality at 9 months was only 1% in the sirolimus-stent group, as compared with 2% in the bare-metal-stent group. Conversely, the 2-year follow-up of 708 patients with diabetes from a large registry on the use of drug-eluting stents revealed a mortality of 13.3% among patients treated with sirolimus-eluting stents, as compared with 9.8% among patients treated with bare-metal stents. 20 Although the difference in mortality was not significant, a hazard ratio for death of 1.55 remained after a propensity analysis. In addition, the rate of angiographically proven stent thrombosis in that study was 4.4% in the sirolimus-stent group but only 0.8% in the bare-metal-stent group. Finally, diabetes has been shown to be a consistent independent predictor of stent thrombosis in patients treated with drug-eluting stents. 21, 22 Several limitations of our study should be considered. The analysis was underpowered to detect a clinically significant difference in mortality; more than 11,000 patients would have been need- ed for such an analysis. Patients included in the four randomized trials were highly selected and are representative of only about 25% of patients currently treated with drug-eluting stents. Treatment with clopidogrel was required for at least 2 or 3 months, according to the original trial protocols, but no information on actual use by individual patients, even by those who had adverse events, was available. Thus, we cannot provide any specific insight into the question of whether prolonging dual antiplatelet therapy further would reduce the risk of such events. We performed multiple subgroup analyses that were not prespecified, including one for diabetes. The number of fatal events in patients with diabetes was small, so the related findings may be due to chance. Finally, lower-than-expected mortality was noted among the patients with diabetes in the bare-metal-stent group, for reasons that remain unclear. In summary, in our pooled analysis of data from four randomized trials, we compared the effects of sirolimus-eluting stents with those of bare-metal stents on clinical events at 4 years. No significant differences in the rates of death, myocardial infarction, or stent thrombosis were found.
